The arc spraying process was used to prepare Fe-based amorphous/nanocrystalline coating. The cavitation erosion behaviors of FeNiCrBSiNbW coatings with different surface roughness levels were investigated in distilled water. The results showed that FeNiCrBSiNbW coating adhered well to the substrate, and was compact with porosity of less than 2%. With increasing initial surface roughness, the coatings showed an increase in mass loss of cavitation erosion damage. The amount of pre-existing defects on the initial surface of the coatings was found to be a significant factor for the difference in the cavitation erosion behavior. The cavitation erosion damage for the coatings was a brittle erosion mode. The evolution of the cavitation erosion mechanism of the coatings with the increase of the initial surface roughness was micro-cracks, pits, detachment of fragments, craters, cracks, pullout of the un-melted particle, and massive exfoliations.
Introduction
Cavitation erosion, often reported as a common phenomenon in the overflowing components of hydraulic machinery, is related to two main aspects of hydrodynamic and material [1, 2] . On the one hand, hydrodynamic cavitation takes place when vapor bubbles in a liquid are exposed to a sudden fluctuation of localized pressure, which can cause repeated nucleation, growth, violent collapse of bubbles, and send micro-jet or shock wave through the liquid to the solid surfaces [3] . Thus, surface roughness is capable of controlling cavitation erosion by affecting nuclei concentration, turbulence level and surface pressure distribution [4, 5] . On the other hand, it is important to prepare a high performance coating to reduce or avoid cavitation erosion damage by selecting a suitable surface treatment technique, since cavitation erosion usually happens on a material surface of the flow-handling components such as hydraulic turbines, offshore/mining machineries, valves, and ship propellers [6] [7] [8] .
Fe-based amorphous/nanocrystalline coatings prepared by thermal spraying have been widely adopted by hydraulic machinery, power plants and coastal installations because of their desirable combination of relatively low material cost, high hardness and toughness, and outstanding corrosion and wear resistance [9] [10] [11] [12] . In recent years, considerable efforts have been devoted to investigate the cavitation erosion behavior of Fe-based amorphous/nanocrystalline coatings [13] [14] [15] [16] [17] [18] [19] [20] [21] . According to [13, 18] , the high-velocity oxygen-fuel (HVOF) sprayed Fe-based amorphous/nanocrystalline coatings with dense structure and high microhardness were preferable to improve the resistance of cavitation erosion in deionized water. In addition, both porosity and microhardness affected the cavitation erosion resistance of HVOF sprayed coatings [18] [19] [20] . The influence of the HVOF spray parameters has also been investigated in relation to the microstructure and hardness of the coatings and, in turn, the cavitation erosion resistance [21] . Compared with HVOF spraying, arc spraying has the potential to develop high quality Fe-based amorphous/nanocrystalline coatings with lower costs because of its advantages of simple device, flexible operation and high efficiency [22] . In our earlier studies, FeCrBSiNb(Ni/W) amorphous/nanocrystalline coatings were synthesized successfully using the arc spraying process and their cavitation erosion behavior was reported [16, 17] . We demonstrated that the cavitation erosion resistance of arc-sprayed Fe-based amorphous/nanocrystalline coating deteriorated with increasing annealing temperature [11] . Previous investigations mainly described in detail the relationship among microstructure, mechanical properties and cavitation erosion resistance of the Fe-based amorphous/nanocrystalline coatings. However, the role that initial surface roughness plays in cavitation erosion process of arc-sprayed Fe-based amorphous/nanocrystalline coatings is still not clear. In particular, thermal sprayed coating possessed of non-uniform microstructure and its top layers close to surface showed higher porosity than the underneath layers, which was different from bulk metal.
The aim of this study was to discover the effect of initial surface roughness on cavitation erosion behavior of FeNiCrBSiNbW amorphous/nanocrystalline coating prepared by arc spraying process. Moreover, the mechanisms controlling cavitation erosion of the coatings with different initial surface roughness were discussed.
Experimental Procedure
A self-designed Fe-based cored wire (Fe-Ni-Cr-B-Si-Nb-W) with a diameter of 2 mm was used as the feedstock. The chemical composition of the cored wire was the same in Ref [17] . Stainless steel 1Cr18Ni9Ti was selected as the substrate. Prior to coating, the substrate samples were pre-cleaned in acetone, dried in hot air, and then grit blasted with 16 mesh alumina to provide a fresh and rough surface for better adhesion by removing all rust and oxide skin. The substrate samples were cooled with compressed air jets during and after spraying. The arc spraying of the cored wire was carried out at a spraying voltage of 36 V, a spraying current of 120 A, a wire feed rate of 2.7 m·min −1 , a compressed air pressure of 700 kPa, a stand-off distance of 200 mm, and a gun traverse speed of 100 mm·s −1 . The thickness of tested coating was about 230 µm. Then, the coating samples were wire cut for microstructural characterization and cavitation erosion testing.
The microstructures of the coating were observed using a scanning electron microscope (SEM, Hitachi S-3400 N, Tokyo, Japan) equipped with an energy dispersive spectroscopy (EDS, EX250). Selected area electron diffraction (SAED) pattern and finer-scale microstructural characterization of the coating were performed using a transmission electron microscope (TEM, JEOL JEM-2010, Tokyo, Japan). Porosity was measured on SEM images with the help of image analysis. An average value was taken from 20 view-fields from different locations on polished cross section of the coating at a magnification of 500.
The cavitation erosion experiments of the coatings were carried out using a vibratory cavitation apparatus according to the ASTM G32-10 standard [23] . The operating parameters of the cavitation test were as follows: Frequency of vibration 19 ± 1 kHz, peak-to-peak amplitude 60 ± 5 µm, power of ultrasonic generator 250 W. The details of the cavitation erosion test apparatus and its specimen's dimension have been reported in Ref. [16] . In this work, three surface roughness levels of the coating samples were prepared by manual grinding using 80, 600 and 1000 grit silicon carbide papers, which cause a large difference in the initial surface roughness and magnify its effect on the cavitation erosion behavior. Moreover, the initial surface roughness values of the coating samples ground using 600 and 1000 grit silicon carbide papers were close to the surface roughness of steam turbine blades after surface finish [24] . Prior to the test, the coating samples with an average initial surface roughness values (R a ) of 0.89, 0.32 and 0.2 µm were cleaned with acetone in an ultrasonic bath, dried in hot air, and weighed by an analytical balance with an accuracy of 0.1 mg. Then, the screw specimen with the Fe-based amorphous/nanocrystalline coating on it was attached to the free end of the horn and immersed about 3 mm in distilled water. The beaker was surrounded by flowing cool water to keep the distilled water inside it at 25 ± 5 • C. After each test period, the specimen was removed from the tip, cleaned with acetone, dried in hot air and weighted. The eroded surface morphologies of the coatings were characterized by SEM. Each test was repeated thrice to ensure the reproducibility and validity of the experiment results. Figure 1 shows the cross-sectional microstructure of the FeNiCrBSiNbW amorphous/nanocrystalline coating deposited by arc spraying. From the overall view of the coating in Figure 1a , it can be seen that the coating has a dense and typical lamellar structure with an average thickness of 230 µm. The whole coating exhibits an apparent good adherence to the substrate with presence of a uniform and compact interface located between the substrate and the coating. It is notable in Figure 1b that some pores, un-melted particles and microcracks are observed in the coating. The average porosity value of the coating is less than 2% by using image analysis. Besides the pores, appearing as black regions, the coating consists of bright white region, grey region and dark grey region. The grey region is primarily coating alloy with the chemical composition of Fe 71 Ni 5 Cr 15 B 3 Si 3 Nb 2 W 1 (at.%). The bright white region and the dark grey region are W-rich phase and iron oxide phase respectively, which is in accordance with the results observed in previous work [25] . bath, dried in hot air, and weighed by an analytical balance with an accuracy of 0.1 mg. Then, the screw specimen with the Fe-based amorphous/nanocrystalline coating on it was attached to the free end of the horn and immersed about 3 mm in distilled water. The beaker was surrounded by flowing cool water to keep the distilled water inside it at 25 ± 5 °C. After each test period, the specimen was removed from the tip, cleaned with acetone, dried in hot air and weighted. The eroded surface morphologies of the coatings were characterized by SEM. Each test was repeated thrice to ensure the reproducibility and validity of the experiment results. Figure 1 shows the cross-sectional microstructure of the FeNiCrBSiNbW amorphous/nanocrystalline coating deposited by arc spraying. From the overall view of the coating in Figure 1a , it can be seen that the coating has a dense and typical lamellar structure with an average thickness of 230 μm. The whole coating exhibits an apparent good adherence to the substrate with presence of a uniform and compact interface located between the substrate and the coating. It is notable in Figure 1b that some pores, un-melted particles and microcracks are observed in the coating. The average porosity value of the coating is less than 2% by using image analysis. Besides the pores, appearing as black regions, the coating consists of bright white region, grey region and dark grey region. The grey region is primarily coating alloy with the chemical composition of Fe71Ni5Cr15B3Si3Nb2W1 (at.%). The bright white region and the dark grey region are W-rich phase and iron oxide phase respectively, which is in accordance with the results observed in previous work [25] . To get insight into the detailed microstructural information of the FeNiCrBSiNbW amorphous/ nanocrystalline coating, TEM was utilized. Figure 2 shows a typical bright field TEM image of the coating, indicating the coexistence of amorphous phase and nanocrystalline grains. The nanocrystalline grains with dimensions ranging from 70 nm to 130 nm are uniformly distributed in amorphous matrix. This is confirmed by the diffraction spots, and the diffused halo rings in the selected area electron diffraction (SAED) pattern, as shown in the inset of Figure 2 . The presence of amorphous phase is due to both the multicomponent alloy system with large glass formation ability and the high cooling rates of the in-flight particles. The formation of nanocrystalline grains is attributed to crystallization of the original amorphous region due to the preferred oxidation on the in-flight particles surface and the thermal fluctuation leading to localized heating during successive spraying [26, 27] . To get insight into the detailed microstructural information of the FeNiCrBSiNbW amorphous/nanocrystalline coating, TEM was utilized. Figure 2 shows a typical bright field TEM image of the coating, indicating the coexistence of amorphous phase and nanocrystalline grains. The nanocrystalline grains with dimensions ranging from 70 nm to 130 nm are uniformly distributed in amorphous matrix. This is confirmed by the diffraction spots, and the diffused halo rings in the selected area electron diffraction (SAED) pattern, as shown in the inset of Figure 2 . The presence of amorphous phase is due to both the multicomponent alloy system with large glass formation ability and the high cooling rates of the in-flight particles. The formation of nanocrystalline grains is attributed to crystallization of the original amorphous region due to the preferred oxidation on the in-flight particles surface and the thermal fluctuation leading to localized heating during successive spraying [26, 27] . Figure 3 shows the relationship between cumulative mass loss and cavitation erosion time for the FeNiCrBSiNbW amorphous/nanocrystalline coatings with three surface roughness levels. The results show that there is a considerable difference in mass loss rate of the as-sprayed coatings under three different surface conditions (i.e., 80, 600, and 1000 grit grinding), although the mass losses of all three coating specimens increase with increasing the test time. The incubation period is not observed for all three coating specimens, which reflects that the surface conditions in this study put the coatings one step ahead into the cavitation erosion damage process. The coating after 80 grit grinding exhibits the greater mass loss (21.8 mg) while the coating after 1000 grit grinding has the lower mass loss (10.3 mg) after 120 min test. In addition, the mass loss data of the coating after 600 grit grinding are very close to that of the coating after 1000 grit grinding during the first 30 min, but gradually higher than those of the coating after 1000 grit grinding when the test time exceeds 30 min. This may be because that a higher surface roughness level is helpful to increase the density of bubble nucleation near the surface of the coating specimen [28, 29] , which causes more impacts of the collapsing bubble on the surface and then much more mass loss of the coating. Figure 3 shows the relationship between cumulative mass loss and cavitation erosion time for the FeNiCrBSiNbW amorphous/nanocrystalline coatings with three surface roughness levels. The results show that there is a considerable difference in mass loss rate of the as-sprayed coatings under three different surface conditions (i.e., 80, 600, and 1000 grit grinding), although the mass losses of all three coating specimens increase with increasing the test time. The incubation period is not observed for all three coating specimens, which reflects that the surface conditions in this study put the coatings one step ahead into the cavitation erosion damage process. The coating after 80 grit grinding exhibits the greater mass loss (21.8 mg) while the coating after 1000 grit grinding has the lower mass loss (10.3 mg) after 120 min test. In addition, the mass loss data of the coating after 600 grit grinding are very close to that of the coating after 1000 grit grinding during the first 30 min, but gradually higher than those of the coating after 1000 grit grinding when the test time exceeds 30 min. This may be because that a higher surface roughness level is helpful to increase the density of bubble nucleation near the surface of the coating specimen [28, 29] , which causes more impacts of the collapsing bubble on the surface and then much more mass loss of the coating. Figure 3 shows the relationship between cumulative mass loss and cavitation erosion time for the FeNiCrBSiNbW amorphous/nanocrystalline coatings with three surface roughness levels. The results show that there is a considerable difference in mass loss rate of the as-sprayed coatings under three different surface conditions (i.e., 80, 600, and 1000 grit grinding), although the mass losses of all three coating specimens increase with increasing the test time. The incubation period is not observed for all three coating specimens, which reflects that the surface conditions in this study put the coatings one step ahead into the cavitation erosion damage process. The coating after 80 grit grinding exhibits the greater mass loss (21.8 mg) while the coating after 1000 grit grinding has the lower mass loss (10.3 mg) after 120 min test. In addition, the mass loss data of the coating after 600 grit grinding are very close to that of the coating after 1000 grit grinding during the first 30 min, but gradually higher than those of the coating after 1000 grit grinding when the test time exceeds 30 min. This may be because that a higher surface roughness level is helpful to increase the density of bubble nucleation near the surface of the coating specimen [28, 29] , which causes more impacts of the collapsing bubble on the surface and then much more mass loss of the coating. Figure 4a , many scratches, pits and asperities are observed on the surface of the coating after 80 grit grinding. In Figure 4b , it can be noticed that the surface of the coating after 600 grit grinding is relatively smooth with some small scratches and a small number of irregular pits. The surface of the coating after 1000 grit grinding (Figure 4c ) contains tiny scratches and limited pits compared to Figure 4a ,b. This is consistent with the surface roughness result, where the Ra of the coating after 1000 grit grinding (0.2 µm) is about 22.9% and 62.5% that of the coatings after 80 grit grinding (0.89 µm) and 600 grit grinding (0.32 µm), respectively. Pre-existing irregular defects such as scratches, pits and asperities those resulted from surface preparation could act as raisers for stresses induced due to the direct impact and the lateral outflow of the micro-jets during successive cavitation process [30] , which may suggest that the initial surface roughness plays a great role on the cavitation erosion damage of the coatings. This is verified by the SEM images of eroded surfaces as shown in Figure 5 . Other than the initial surface roughness of the coating, the microstructure and phase composition were also important characteristics in determining the cavitation erosion resistance of the coatings. According to our previous study [11] , the formation of oxides on the coating surface and between intersplats and the reduction of amorphous phase content would contribute to the decrease of the cavitation erosion resistance. The negative effect of the coating porosity on the cavitation erosion resistance has been indicated by other researchers [13, 31] .
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Coatings 2017, 7, 200 5 of 9 Figure 4 shows the initial surface morphological features of the FeNiCrBSiNbW amorphous/ nanocrystalline coatings under three different surface conditions before the cavitation erosion test. As shown in Figure 4a , many scratches, pits and asperities are observed on the surface of the coating after 80 grit grinding. In Figure 4b , it can be noticed that the surface of the coating after 600 grit grinding is relatively smooth with some small scratches and a small number of irregular pits. The surface of the coating after 1000 grit grinding (Figure 4c ) contains tiny scratches and limited pits compared to Figure 4a ,b. This is consistent with the surface roughness result, where the Ra of the coating after 1000 grit grinding (0.2 μm) is about 22.9% and 62.5% that of the coatings after 80 grit grinding (0.89 μm) and 600 grit grinding (0.32 μm), respectively. Pre-existing irregular defects such as scratches, pits and asperities those resulted from surface preparation could act as raisers for stresses induced due to the direct impact and the lateral outflow of the micro-jets during successive cavitation process [30] , which may suggest that the initial surface roughness plays a great role on the cavitation erosion damage of the coatings. This is verified by the SEM images of eroded surfaces as shown in Figure 5 . Other than the initial surface roughness of the coating, the microstructure and phase composition were also important characteristics in determining the cavitation erosion resistance of the coatings. According to our previous study [11] , the formation of oxides on the coating surface and between intersplats and the reduction of amorphous phase content would contribute to the decrease of the cavitation erosion resistance. The negative effect of the coating porosity on the cavitation erosion resistance has been indicated by other researchers [13, 31] . Figure 5 shows typical morphological features from the eroded surfaces of the FeNiCrBSiNbW amorphous/nanocrystalline coatings under three different surface conditions after cavitation erosion for 120 min in distilled water. As shown in Figure 5a , the surface of the coating after 80 grit grinding is roughened with a 0.5 mm crater in the center and numerous massive exfoliations of material in a widespread dispersion on the eroded surface, which give contribution to the overall higher mass loss of the coating. This may be associated with the combination of the initial pits that connected by cracks. Besides, a few initial scratches due to grinding are also observed on the eroded surface. Figure 5b Figure 5a , the surface of the coating after 80 grit grinding is roughened with a 0.5 mm crater in the center and numerous massive exfoliations of material in a widespread dispersion on the eroded surface, which give contribution to the overall higher mass loss of the coating. This may be associated with the combination of the initial pits that connected by cracks. Besides, a few initial scratches due to grinding are also observed on the eroded surface. Figure 5b shows a magnified micrograph of the crater with diameter of about 0.5 mm in Figure 5a , where pullout of the un-melted particle, cracks between intersplats, and cleavage fracture with river pattern are detected. These results reveal that the cavitation erosion damage for the coating is a brittle erosion mode. In Figure 5c , it can be noticed that the eroded surface of the coating after 600 grit grinding is relatively smooth with some initial scratches due to grinding. The crater is much shallower compared to Figure 5a , although the area of the crater is relatively larger. Further observation shows that micro-cracks between intersplat and un-melted particle, detachment of fragments, and small amount of pits are recorded on the eroded surface, as shown in Figure 5d . This indicates that the ground surface with lower surface roughness level effectively inhibits the propagation of cracks, hinders the pullout of the un-melted particle, and then delays the cavitation erosion progress of the coating. Figure 5e shows that the eroded surface of the coating after 1000 grit grinding is relatively uniform, including large cracks and number of craters with different shapes. There are also some small pits, micro-cracks, cleavage fracture with river pattern, layer detachment, and a large number of initial tiny scratches and pits due to grinding on the eroded surface (Figure 5f ), indicating that it needs more time to roughen the surface and create initiate preferential cavitation erosion initiation sites under the present surface condition. The characteristic of layer detachment on the eroded surface of the coating after 1000 grit grinding reveals that the coating was destroyed mainly in the form of delamination, which was proven in our previous study [17] . From the above results, it may suggest that micro-cracks, pits, detachment of fragments, craters, cracks, pullout of the un-melted particle, and massive exfoliations contribute to the evolution of the cavitation erosion mechanism of the FeNiCrBSiNbW amorphous/nanocrystalline coatings with the increase of the initial surface roughness.
It has been proved by experimental results in the present work that cavitation erosion damage of the coatings became more serious as the initial surface roughness increased. However, it could be expected that the effect of initial surface roughness on the cavitation erosion behavior of the coating is not only dependent on the microstructure of material, but also dependent on the response of surface quality to the impact of micro-jets and shock waves. On the one hand, both the direct impact and the lateral outflow of the micro-jets on the coating surface are influenced by the initial surface roughness. In this manner, the surface of the coating after 80 grit grinding contains more pre-existing defects, as shown in Figure 4a , where nucleation, growth and collapsing of bubbles are more likely to occur [32] . In addition, the rougher surface with more pre-existing defects will entrap the lateral outflow of the water impacts and, in turn, the more cavitation erosion damage of the coating. On the other hand, the cavitation erosion process of the coatings with three initial surface roughness levels may be different. If the impact force of micro-jets and shock waves exceeds the yield stress of the coating, the impacts can plastically deform both the surface and the sub-surface and cause the occurrence of cracks originated from pre-existing defects. It is expected that by increasing the initial surface roughness, there should be an increase in the number of pits per unit of time on the surface of the coating during the cavitation erosion process. In the case of the coating after 1000 grit grinding, the limited pits on the surface merge relatively slowly and form an erosion crater. However, a large amount of pits on the surface of the coating after 80 grit grinding tend to spread over the cavitation erosion region and merge rapidly forming number of craters. With the rebound and implosion of subsequent cavitation bubbles, the un-melted particle peels off, leading to the massive exfoliation of material, as can be seen in Figure 5a ,b. It is noteworthy that the amount of pre-existing defects on the initial surface of the FeNiCrBSiNbW amorphous/nanocrystalline coatings has a significant effect on their cavitation erosion behavior. 
Conclusions
A FeNiCrBSiNbW coating with amorphous phase and nanocrystalline grains was fabricated using the arc spraying process. The coating had a dense structure with porosity of less than 2% and was adhering well to the substrate. The amount of pre-existing defects on the initial surface of the coatings had a significant effect on the cavitation erosion behavior. With increment of initial surface roughness, the cumulative mass losses of the coatings increased. The coating after 1000 grit grinding exhibited higher cavitation erosion resistance than that of the coating after 80 grit grinding in distilled water. The mechanisms involved in the cavitation erosion process of the coatings with the increase of the initial surface roughness were micro-cracks, pits, detachment of fragments, craters, cracks, pullout of the un-melted particle, and massive exfoliations. 
A FeNiCrBSiNbW coating with amorphous phase and nanocrystalline grains was fabricated using the arc spraying process. The coating had a dense structure with porosity of less than 2% and was adhering well to the substrate. The amount of pre-existing defects on the initial surface of the coatings had a significant effect on the cavitation erosion behavior. With increment of initial surface roughness, the cumulative mass losses of the coatings increased. The coating after 1000 grit grinding exhibited higher cavitation erosion resistance than that of the coating after 80 grit grinding in distilled water. The mechanisms involved in the cavitation erosion process of the coatings with the increase of the initial surface roughness were micro-cracks, pits, detachment of fragments, craters, cracks, pullout of the un-melted particle, and massive exfoliations.
